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Magnetoreresistance of carbon nanotube-polypyrrole composite yarns 
Abstract 
Three types of samples, carbon nanotube yarn and carbon nanotube-polypyrrole composite yarns had 
been investigated by measurement of the electrical conductivity as a function of temperature and 
magnetic field. The conductivity was well explained by 3D Mott variable range hopping (VRH) law at T < 
100 K. Both positive and negative magnetoresistance (MR) were observed by increasing magnetic field. 
The MR data were analyzed based a theoretical model. A quadratic positive and negative MR was 
observed for three samples. It was found that the localization length decreases with applied magnetic 
field while the density of states increases. The increasing of the density of states induces increasing the 
number of available energy states for hopping. Thus the electron hopping probability increases in 
between sites with the shorter distance that results to small the average hopping length. 
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Carbon nanotube yarns are novel CNT-based materials that extend the advantages of CNT 
from the nanoscale to macroscale applications. Herein we have modeled the electrical 
properties of carbon nanotube yarn as a function of temperature and magnetic field. The 
conductivity was well explained by 3D Mott Variable Range Hopping (VRH) law at T<100 
K. Both the positive and negative magnetoresistance (MR) were observed at different 
magnetic field range. A quadratic positive MR was observed at small magnetic fields up to 
ign changed from positive swhich is depended on temperature. It was found that the MR  ,tranB
magnetic increasing the by  observed quadratic negative MR was hen a. TtranBto negative at 
, where a deviation from quadratic magnetic field dependent of the MR was D2Bup to  field
occurred. At intermediate magnetic field region, the negative MR shows linear magnetic field 
the as It was found that physical parameters such  .D1Bdependence up to magnetic field of 
localization length and the density of states in Fermi level have a temperature and magnetic 
field dependent. In addition a general scaling behavior was found for the MR as function of 
 .ver magnetiic field,is a crosso *B, where 1/3*)B/B( 
1- Introduction 
Carbon nanotubes (CNTs) have been of great interest due to good electrical, chemical 
and mechanical properties. The CNTs show high electrical conductivity, thermal 
conductivity, chemical staibility and mechanical strength. These properties are suitable for a 
broad range of applications including electronic nano-devices, biosensors, chemical 
microsensors and energy storage.1-3 Recently, yarn microstructures were prepared in order to 
better using of the CNT features.4-7 It was found that the conductivity of CNT yarns are 
around ~104 S/cm and 102-103 S/cm for single-walled carbon nanotube (SWCNT) yarns and 
multi-walled carbon nanotube (MWCNT) yarns, respectively.7, 8 
Transport mechanisms in CNT is most important for their performance improvements.9-
12 However, the undrestanding of conduction mechanisms has not yet completed even after 
years of research.13, 14 This materials are neither fully amorphous nor completely crystalline,15 
therefore the electrical transport in such disorder systems is described by a verity phenomena 
such as qusi-one dimensional transport, localization effects, hopping and tunlling transport16, 
17 and percolation.18, 19 The conductivity of CNT yarn depend on the applying magnetic field. 
The magnetic field studies of the counductivity help investagators to more undrestanding of 
the electrons and spin transport. 
The mechanisms of the MR phnamena in the organic systems including CNTs  is 
explained by different models such as excitonic pair mechanism model,20 electron-hole 
recombination model,21 bipolaron model,22 forward interference model (also called orbital 
magnetoconductivity theory), and wave-function shrinkage model (WFSM).23 Here last two 
models will used to describe magnetoresistance of the CNTs yarn. 
In this paper, CNT yarns were studied by measurement of the electrical conductivity as a 
function of temperature and magnetic field. The results shown that the temperature 
dependence of conductivity is well explained by 3D Mott-VRH model at T<100 K. Both 
positive and negative MR is observed at small magnetic fields and high magnetic fields, 
respectivly. Physical psrameters such as localization length, density of states and hopping 
average length were obtaained from the magnetic field dependence of the magnetoresistance. 
in addition , a scaling general behavior for MR  was demonstrated. 
 
2- Experiment 
CNT Yarn was fabricated as described previously,4, 24. The spinable multi walled carbon 
nanotube forest was synthesized by catalytic chemical vapor deposition (CVD) using 
acetylene gas as the carbon source.7 CNTs typically had diameters of about 10 nm. The CNT 
yarns were drawn from the forest by pulling and twisting as described by Zhang et al.7 
 
3- Results and Discussion 
The tempereture dependence of the resistivity,
 
ρ(T), has been shown  in the inset of  
Fig. 1 for the CNT yarn in the absence of a magnetic field. It can be seen that resistivity is 6 
Ω.cm at room temperature and it increase to 10.5 Ω.cm at T = 5 K. 
In most of the heterogenous systems, which composed of partaily crystalline regions 
and disordered regions, the conductivity occur through tunnling and hopping.16, 25 In this 
materials, charge carriers form polaron after doping and they are localized in gap region.26 
The conduction show metalic behaviour in the crystalline regions and it occur in between two 
metallic domains through hopping26 (i.e. phonon-assisted tunneling between electronic 
localized states centered at different positions16 ). For these systems, the conductivity is well 
described by variable-range hopping model.27 The number of available energy states for 
hopping decrease with decreasing thermal energy kBT and therefore hopping average length 
increases.16 This leads to the following expression for the conductivity 27 
0( ) exp[ ( ) ]
MottTT
T
            (1) 
where γ = 1/(1+d) with d =1, 2 , 3, which is called hopping dimensional. The pre-exponential 
σ0 represents the conductivity at the high temperature limit and it is also temperature 
dependent but it is often neglected compared to the stronger temperature dependent of the 
exponential term.16, 27 T is temperature and TMott is called the Mott characteristic temperature, 
which is related to the effective energy separations between localized states and can be 
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          (2) 
where N(EF) is the density of states at the Fermi level,  is the localization length of the wave 
function for the localized charge carrier, and kB is Boltzmann constant. 
The logarithm of conductivity was obtained based on Eq. 1 and it was plotted versus 
T-1/(1+d) in Fig. 1. As can be seen in Fig. 1, evaluation of Ln σ vs. T-1/(1+d) with d =1, 2 and 3 
showed good fits to the experimental data only for d =3 at the temperature smaller than 
T100 K. Therefore, conductivity results are supported by the conductivity analyses in the 
frame of the three-dimensional (3D) variable range hopping (VRH) model at low 
temperature. While increasing temperatures causes a deviation from the 3D-VRH model.  
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Fig. 1. Ln σ vs. T(-1/4) for CNT yarn in absence of a magnetic field, solid line shows the linear fitting for T<100 
K. Inset: Temperature dependence of resistivity. 
 
The Mott's characterization temperature TMott and σ0 were obtained from the best fit of 
Eq. 1 with d=3 to experimental data. It was found the values of 2.14 K and 215.10 S/cm for 
TMott and σ0, respectively. These values will be used to calculate different parameters such as 
the localization length, the average hopping length, and density of states at Fermi level later. 
Gu et al. 29 reported TMott value of 17.75 K for MWCNT. As will discussed latter, generally, 
the smaller TMott indicates a stronger localization of the charge carriers in the system, 
therefore, the results of the lower TMott = 2.14 K indicates weaker localization for CNT yarn. 
In fact, CNT yarns are made of a group of MWCNTs which are aligned, packed, and follow 
each other back to back using van der Waals interaction. Therefore, 3D-VRH conduction 
mechanism is dominated in disordered MWCNT. In this case, electrons can switch direction 
at the ends of every piece of MWCNT in the yarn and move to other piece of nearly 
MWCNTs, and it can explained 3D fitting model in conduction mechanism.4 
The resistivity of materials can change under an external magnetic field. The 
magnetoreresistance is defined as MR%=[ρ(B,T)-ρ(0,T)]/ρ(0,T)*100, where ρ(0,T) and 
ρ(B,T) are the resistivity without and under magnetic field B, respectively. The MR results of 
CNTs yarn is show in Fig. 2 at magnetic field of 0 - 10 T and different temperatures. 





























B = 5 T
 
Fig. 2. Magnetic field dependence of the CNT yarn MR at different temperatures. Inset: The MR as a function 
of temperature in magnetic field of 5 T. 
 
Both positive and negative MR in different range of magnetic fields were observed. As 
can be seen in Fig. 2, there is a small positive MR at low magnetic field and it decrese to 
large negative values by increasing the magnetic field. The MR has been investigated for 
various kinds of CNT.30-32 Baumgartner et al.30 reported MR measurements on thin films of 
CNT. Their reported values of MR and the MR of CNT yarns have same order of magnitude, 
but the MR values of CNT yarns are less than CNT films. In additional, MR of CNT films 
was always negative (for temperatures above 4 K) but both positive and negative MR were 
observed in CNT yarns. The MR of CNT yarns depend on temperature. Temperature 
dependence of the MR is shown in inset of Fig. 2. It increases with increasing temperature. 
At magnetic field of 5 T, the MR value is -8.7 at temperature of 5 K and it increase to -1.1 for 
temperature of 200 K. 
Generally, the negative MR is observed in materials located on the metallic side of the 
metal-insulator transition (MIT), which is explained by considering quantum corrections due 
to the weak localization and electron-electron interactions.33, 34 In the insulator side and near 
the MIT, the negative MR is explained based on the manifestation of the quantum 
interference among random paths in the hopping process.33, 35 This interference was 
increasing the hopping probability therefore results to decrease the resistivity and appearing 
the negative MR. While the positive MR of materials, which are in the insulator side of the 
MIT, is due to hopping mechanism of conduction. It was found that the positive MR varies 
exponentially with magnetic field.36 This behavior of the positive MR was explained by 
squeezing of the wave functions of impurity electrons in the transverse direction of magnetic 
field. It leads to a sharp decrease in the overlap of the wave function of neighboring 
impurities results to decreasing the hopping probability between two sites results to an 
exponentially increased resistivity with increasing magnetic field and causes a positive MR.36, 
37 It was reported that external magnetic fields affected on localization and electron 
correlation.38 The contribution to the magnetoresistance due to electron-electron interaction is 
positive while the sign of the magnetoresistance associated with localization can be negative 
or positive depending on spin–orbit effects.39 It was found that a weak spin–orbit effect at 
present magnetic field gives a negative MR 40 while strong spin–orbit scattering is induced a 
positive MR.41 Our results show that the electron correlation is not important in these 
materials due to a negative MR and that localization is due to weak spin–orbit scattering. 
Both the positive and negative MR will discuss in more detail below. 
 
A. Positive Magnetoresistance Theory: The wave function shrinkage model 
Strong increasing of the positive resistance (or the positive MR) with a magnetic field had 
been predicted originally by Tokumoto et al.,42 and Shklovskii,43 until it was elaborated by 
Shklovskii and Efros using the wave function shrinkage model.36, 44 According to this model 
the magnetic field decrease overlap probability of the impurities electron wave function 
between two sites that increase the resistivity in magnetic field. This model predicts two 
regions for the positive MR in the Mott-VRH regime that they depend on magnetic field. 
At the weak magnetic field, the resistivity at magnetic field of B and temperature of T, 












         (3) 
where TMott and  are characteristic Mott temperature and localization length, respectively, 
and t=5/2016 is a numerical constant. ρ(0,T) is the resistivity in the zero magnetic fields and 
temperature of T, which is obtained from inverse of Eq. 1 in the frame of the three-
dimensional (3D) VRH model. e and ħ are electron charge and the reduced Plank’s constant, 
respectively. While at the strong magnetic field, Shklovskii and Efros 36 showed different 











         (4). 
This field dependence (B1/3) for positive MR was observed in CNT/Polyaniline composite 
film at very low temperatures.45 
Fig. 3 show MR% versus B2 at the different temperatures. It can be seen that MR 
decrease linearly in the positive MR region for three different temperatures and it is well 
described by Eq. 3. In addition with increasing magnetic field, the MR transition from 
positive to negative occurred at temperature of Btran, which is depended on temperature. The 





























Fig. 3. MR% vs. B2 in the positive MR region at the different temperatures. Solid lines show the best fit of Eq. 3 
to experimental data. Btran show MR transition from positive to negative. 
 










           (5). 
The localization length was obtained based on Eq. 5 by using the calculated values of 
TMott=2.14 K and the normalized resistivity in the positive MR region. Results of the 
localization length (in the positive MR region) as a function of magnetic field have been 
plotted in Fig. 4(a) for CNT yarn at the different temperatures by open symbols. It can be 
seen in Fig. 4(a) that the localization length is approximately 500 and 800 nm at temperatures 
of 5 and 25 K, respectively, at magnetic field of  0.02 T, which is in agreement with the 
order of measured 1D localization length of mats of SWCNT.32 This long localization length 
can be due to coherency distortion  by electron-phonon scattering.32 Also, it can be seen that 
the localization length decreases with applying the magnetic field. This behavior can be due 
to squeezed of the wave function of the impurity electrons under the applied magnetic field. 










                                                                                                              (6) 
From the obtained results for the localization length in the Fig. 4(a), the average hopping 
length and the density of states in the Femi level, N(EF), are obtained by using the Eqs. 2 and 
6. Fig. 4(b) shows the N(EF) for the positive MR region as function of magnetic field for the 
CNT yarn at the different temperatures that are shown by open symbols. The density of states 
of electron observed by Tsebro et al. 46 for MWCNTs was ~1018 (eV.cm3)-1,47 while the 
values observed for CNT yarn are 3.2×1017 and 8.5×1016 (eV.cm3)-1 at temperatures of 5 and 
25 K, respectively, at magnetic field of  0.02 T. As can be seen in Fig. 4(b), the density of 
states at the Fermi level has increased with increasing magnetic field. At magnetic field of 0.5 
and 1.0 T, the density of states values are 4.6×1020 and 6.7×1020 (eV.cm3)-1 at temperature of 
5 and 25 K, respectively. As discussed above, the wave function of charge carriers was squeezed 
and results to decreasing of the localization length with applied magnetic field therefore new 
states was created around the Femi level results to enhance the density of states. 
Fig. 4(c) shows the average of the hopping length, Rhop in the positive MR region 
versus magnetic field at the different temperatures, which were shown by open symbols for 
CNT yarn. It can be seen that the Rhop decreases with increasing of the magnetic field. Since 
the increasing of the density of states results to increasing of the number of available energy 
states for hopping. Therefore the electron hopping probability increases due to the shorter 
distance between states and thus the average hopping length decreases. This result to increase 
the electrical resistivity and decreases the rate of the average hopping length, which was 
caused to the positive MR, with increasing the magnetic field.  
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Fig. 4. The physical parameters for positive (open symbols) and negative (solid symbols) MR region as a 
function of the magnetic field at temperature of 5 and 25 K for CNT yarn. (a) The localization length . (b) 
Density of states in Fermi level N(EF). (c) Average hopping length, Rhop. 
 
As can be seen in Fig. 2, the MR shows a transition from the positive to the negative MR. 
Although the electrical resistivity increased with applied a constant magnetic field in the 
positive MR region, but it decreases by increasing of magnetic field in this region, i.e. 
dρ/dB<0. Thus the MR decreases with increasing the magnetic field until it becomes zero and 
then it became negative values. This means that the MR mechanism change and therefore 
another mechanism will induce the negative MR. 
 
B. Negative Magnetoresistance Theory: The Forward Interference Theory 
The forward interference theory or orbital magnetoresistance theory, which was proposed by 
Nguyen, Spivak, and Shklovskii (NSS),48 predict a small negative MR., In this model, the 
effect of forward interference of random and different paths are considered in the hopping 
process between two sites at an average distance of Rhop . According model, interference 
between all of the possible hopping paths between sites of 1 and 2 within a cigar-shaped 
domain with length of Rhop and width of (Rhop)1/2 will influence on hopping probability 
between two sites. By the numerically logarithm averaging of the conductivity over many 
different possible paths in the present of the magnetic field, they obtained a linear negative 
MR in the low magnetic field. While based on the NSS model and using a critical percolation 
method instead of logarithmic averaging method, a quadratic magnetic field dependence for 
the negative MR was also obtained at small magnetic fields:33, 35 
3






                                                                                                           (7) 
It was found 35 that the quadratic magnetic field dependence of the MR is extremely small 
and at higher magnetic fields there is a deviation from this behavior at magnetic field of BD2. 
At magnetic field larger than BD2, the resistivity ratio ρ(B,T)/ρ(0,T) can be expressed by 
approximately the following expression:49 
( , )
1








                                                                                                 (8) 
So MR  -Csat B/ Bsat, where Csat is a temperature independent saturation constant and Bsat is 
the effective saturation magnetic field, which depend on temperature. Based on the Mott-













         (9) 
Fig. 5 shows the negative MR as a function of magnetic field at three different 
temperatures for the CNT yarn. As can be seen in the Fig. 5, there are three different regions. 
At small magnetic field, which is shown in the large scale in the inset of Fig. 5 for clarifying, 
the Eq. 7 well describe experimental data up to magnetic field of BD2, where there is a 
deviation from its. At intermediate magnetic field region, the data shows a linear magnetic 
field dependence up to magnetic field of BD1. In this region experimental data of the negative 
MR was well described by Eq. 8 at magnetic fields lower than BD1, as shown by the solid 
curves in Fig. 5. Linear magnetic field dependence has been observed in CNT/polyaniline 
composite films at intermediate magnetic field region.45 The best-fitted value of Csat is 0.2 
and Bsat are 9, 11 and 15 T at temperature of 5, 10 and 25 K, respectively, for the CNT yarn. 
While at the magnetic field larger than BD1, the Eq. 8 cannot describe experimental data.  
By using values of the fitting parameter of Bsat and TMott=2.14 K, the localization 
length ξ, the density of states at Fermi energy N (EF) and the hopping average length Rhop 
were obtained by using the equations of  9, 2 and 6, respectively, in the negative MR region. 
Results of these physical parameters have been shown in Fig. 4 by solid symbols for the 
negative MR region for two different temperatures. As can be seen in Fig. 4, the trend of 
these physical parameters at the positive and negative MR regions are quite different. In the 
positive region, both parameters of the  and the Rhop decrease but the N (EF) increase with 
increasing magnetic field. While in the negative region, these parameters increases with 
increasing magnetic field and becomes constant at the higher magnetic fields. As it 
mentioned, by applying magnetic field, overlap probability of the impurities electron wave 
function decrease and localization be stronger. But, by increasing magnetic field, the 
interference effect, referred as a weak localization, grows.51 The magnetic field reduces 
coherent backscattering in disordered system such as CNT yarn because carriers acquired an 
additional phase in moving paths.51 Electron-phonon and electron-electron interactions are 
the main decoherence mechanisms at low temperatures.47 There is a completion between 
these two effects as weak localization effect gets stronger with magnetic field increasing. 
Therefore, localization length has a minimum when these two effects are equal contributions 
at magnetic of Btran. In this case, the density of states in Fermi level also reaches to its 
maximum at Btran . 

















































Fig. 5. The MR% vs. magnetic field. There are three different regions. Arrows show deviation from magnetic 
field dependence of the negative MR at each region. The first regions are shown in larger scale in inset for 
clarifying. 
 
As shown in Fig. 5, the linear dependence of the MR is deviated at the magnetic field 
of BD1. For investigation of the MR at higher magnetic fields, we repotted the CNT Yarn MR 
data vs. B1/3 in Fig. 6 for different temperatures. It can be clearly seen that the negative MR is 
in close agreement with the behavior B1/3 in the third region. As can be seen in Fig. 6, the 
CNT Yarn MR data shows at least one crossover field such as B*, which is shown by arrows. 
The crossover field B* depend on temperature and it increase with increasing temperature. 
The existance of crossover show a transition in the mechanism of the MR. The MR is 
approximatly B1/3 independent when the applied magnetic field is lower than the crossover 
field B*.  
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The scaling behavior for the MR was examined for B/B*, where B* is the crossover magnetic 
field. The results are shown in Fig. 7. As can be seen in Fig. 7, the MR at fields, which is 
studied here, has been scaled into one curve with the obtained the crossover magnetic field. A 
further study is needed to elucidate the origin of this scaling behavior. 

































Fig. 7. Scaling behavior for the MR% vs. (B/B*)1/3 for CNT yarn at different temperatures. 
 
4- Conclusion 
The resistivity of CNT Yarn increases with decreasing of temperature. The best fitting of 
conductivity in hopping conduction mechanism obtained for d=3 at the temperatures down to 
T100 K, thus it indicate that the conduction mechanisms correspond to a 3D Mott VRH 
model for T<100 K. A small positive MR observed at low magnetic field and it reached to 
large negative values by increasing the magnetic field. The quadratic positive MR observed at 
small magnetic fields which it is well explained by Wave Function Shrinkage Model. The 
wave function of charge cariers was squeezed and leads to decreasing of the localization 
length with applied magnetic field and density of states in Fermi level increases. The 
increasing of the density of states means increasing of the number of available energy states 
electrons for hopping, the electron hopping probability with shorter distances increases, thus 
the average hopping length decreases. The quadratic negative MR observed at low magnetic 
field which deviated at deviation magnetic field BD2.With increasing of the magnetic field a 
linear negative MR is observed which it is deviated at the deviation magnetic field BD1. The 
both quadratic and linear negative MR are well explained by Forward Interference Theory. 
Also, it observed that localization length of charge carriers has a minimum with magnetic 
field which is temperature dependent. Also, the density of states in Fermi level has a 
maximum with magnetic field; therefore, hopping average length has a minimum. Also, the 
negative MR is in close agreement with the behavior B1/3 at higher magnetic fields for 
different temperatures and MR data shows at least one crossover field such as B*(T). Also, it 
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